Introduction
============

Vertical root fractures (VRFs) may occur during or after root canal treatment or following the insertion of screws, retentive pins and intracanal posts.[@B1] VRF is the most severe type of longitudinal fracture, and usually initiates from the apical part of the root and propagates towards the coronal part.[@B2] Alternatively, depending on the stressors, VRFs may initiate from the cervical region.

Considering the acknowledged limitations of intraoral radiography, the poor or even hopeless prognosis of VRFs, and the need to extract such teeth, a more efficient and reliable imaging modality is required to promote the accurate detection of VRFs in order to prevent the extra costs imposed on patients for futile attempts made by dental clinicians to save such teeth. The inability of conventional radiography to visualize VRFs highlights the need for a more advanced diagnostic imaging modality, such as cone-beam computed tomography (CBCT), for this purpose.[@B3]

CBCT scanners are available with different fields of view (FOVs). The volume of the FOV has a direct correlation with the exposure/radiation dose. Accurate geometry and multiplanar reconstruction are among the main advantages of CBCT compared to conventional radiography. Image reconstruction in the sagittal, coronal, and axial planes in CBCT eliminates the superimposition of anatomical structures.[@B4] However, CBCT also has shortcomings. The quality of reconstructed CBCT images is affected by noise, beam hardening, the cone-beam effect, and photon starvation. These effects result in the formation of various types of artifacts, such as bright streaks of radiation, dark areas adjacent to metal objects, or even the complete loss of gray shadows between adjacent metal objects. Consequently, the region of interest for treatment planning may not be clearly visualized.[@B5][@B6]

Several studies have evaluated the application of CBCT for detecting VRFs,[@B7][@B8][@B9][@B10][@B11][@B12] and all have confirmed the superiority of CBCT to conventional radiography for this purpose, despite the fact that metal artifacts pose an impediment to the diagnostic quality of CBCT. Metal artifacts, with their negative impact on accuracy, can affect treatment planning and are therefore the main problem of CBCT.

As theorized using mathematical modeling, beam hardening adjacent to metal objects is due to the different X-ray absorption coefficients of bone and metal objects. Accordingly, some CBCT systems have been equipped with a metal artifact reduction (MAR) algorithm, which employs several techniques for image reconstruction, including preprocessing and post-processing algorithms. In the pre-processing algorithm, the metal object is located in the basic projection data and then the metal projection data are processed using an interpolation algorithm. Eventually, axial images are reconstructed using pre-processed adjustments in the basic data and the metal part is modified and retrieved. The post-processing algorithm is based on segmentation and modification of the metal part in each exposure, and the final CT image is reconstructed using the modified data. It appears that the pre-processing algorithm is more effective at improving image quality in areas adjacent to metal objects.[@B13]

Some studies have evaluated the effects of FOV size and object position in the FOV on noise reduction,[@B14][@B15] as well as the effects of artifact reduction[@B16][@B17] on the quality of CBCT images. Queiroz et al.[@B15] evaluated the effect of object position in the FOV and the MAR algorithm on noise reduction and reported lower levels of noise for objects positioned at the center of the FOV than for objects at the periphery. Moreover, a significant reduction in the level of noise was noted following the activation of the MAR tool when the object was at the center of the FOV. Therefore, this study aimed to assess the effects of object position in the FOV and application of the MAR algorithm on the diagnostic accuracy of CBCT images for the detection of VRFs.

Materials and Methods
=====================

This *in vitro* experimental study was conducted on 60 human single-canal premolars that had been extracted for orthodontic purposes. The ethical approval code for this study was IR.GUMS.REC.1396.241. The selected teeth had no root caries, root fractures, or severe root curvature. Teeth with severe root curvature upon clinical observation were excluded. The external root surface was debrided of tissue residue and debris, and the teeth were immersed in 5.25% sodium hypochlorite solution for 24 hours. The teeth were decoronated at the cementoenamel junction using a diamond disc and underwent root canal therapy with the same technique. After 24 hours, the post space was prepared using \#2 and \#3 Peeso reamers to half of the working length. To simulate the periodontal ligament space, a layer of green wax was applied on the root surface.

Two pieces of cow rib bone with adequate thickness were fixed to both ends of a wax arch to simulate part of the mandibular body. Cavities simulating extraction sockets were created in it, and the tooth roots were placed in them and fixed in position ([Fig. 1](#F1){ref-type="fig"}). Alveolar sockets were created by a bur. In prepared sockets that were larger than the teeth, the excess space was filled with wax.

In 30 of the 60 endodontically treated teeth, a fracture was induced without displacement. For fracture induction, an intracanal pin larger than the post space was inserted into the root and screwed by a screwdriver to cause a fracture. The authors tried their best to induce small root fractures without displacing the broken segments. The presence of a root fracture was confirmed by visual observation of the fracture line. All fractures were longitudinal, vertical, and oblique.

The teeth were divided into 4 groups of 15. In group 1, the teeth had VRFs, and intracanal casting posts were fabricated and cemented into the roots. In group 2, the teeth had VRFs, and the post space remained empty. In group 3, the teeth did not have VRFs, and casting posts were cemented into the roots. In group 4, the teeth did not have VRFs, and the post space remained empty.

The teeth were randomly mounted in the fabricated arch and radiographed. Teeth from the 4 groups were mounted in the arch in a completely random order, and the observers were blinded to the group allocation of the teeth mounted in the arch.

The phantom was placed in a cylindrical U-shaped model containing water for soft tissue reconstruction and then placed on the chin rest of a CBCT system (Planmeca, Helsinki, Finland) such that the occlusal plane was parallel to the ground. Next, the 3-dimensional (3D) program was chosen and the mandible was radiographed once with a central target and the selection of "half" (50 mm height and 80 mm diameter of FOV) in the FOV menu. The exposure rate was automatically determined by the system. The MAR algorithm was not enabled (first mode). In the second mode, each of the right and left sides were radiographed by choosing "molar" (50 mm height and 80 mm diameter of FOV) in the target feature interface, without enabling the MAR algorithm.

In the first mode, the source generating the metal artifact (including the intracanal post and gutta-percha) was located peripherally in the FOV. In the second mode, the source generating the metal artifact was positioned centrally in the FOV. In both modes, high resolution (0.16 mm voxel size) was selected before exposure. In the first mode, the *x* and *z* coordinates of imaging were 0 and 37, respectively. These coordinates in the second mode were −30 and 33 for the right side and 25 and 41 for the left side, respectively. These conditions remained the same throughout the entire imaging process. The third mode and fourth modes were similar to the first and second modes, respectively, but the MAR algorithm was enabled during imaging.

The images were stored using Romexis Viewer version 5.2 (Planmeca, Helsinki, Finland) and 3 observers, including 2 oral and maxillofacial radiologists and 1 endodontist, observed the images. The endodontist (observer 3) and one of the maxillofacial radiologists (observer 1) had more than 15 years of experience, while the second maxillofacial radiologist (observer 2) had 6 years of experience and was trained and calibrated. All 3 observers were involved in diagnosing root fractures as part of their clinical responsibilities. The observers were free to use reconstructed axial and cross-sectional images and to change the density or contrast of the radiographs. The observers mainly used slice thicknesses of 0.5--1.5 mm, which they could change during observation. [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} show root fractures with peripheral and central positioning of objects that were visualized with the MAR algorithm. The observers were requested to report the presence of VRFs using the following scoring system:[@B7] 1, VRF definitely absent; 2, VRF probably absent; 3, VRF probably present; 4, VRF definitely present.

Inter-observer agreement was calculated using kappa statistics. The data were analyzed using SPSS version 22 (IBM Corporation, Armonk, NY, USA) and STATA version 12 (Stata Corporation, Texas, USA). The sensitivity, specificity, accuracy, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+) and negative likelihood ratio (LR−) were calculated for each imaging mode and in the 2 groups of teeth with intracanal posts and teeth with empty post space.

Results
=======

In this *in vitro* experimental study, 60 single-canal premolars (30 with VRFs and 30 without VRFs, 15 in each group defined by the presence or absence of metal casting posts) were used to assess the effects of tooth position in the FOV and application of the MAR algorithm on the detection of VRFs on CBCT images.

The frequency of correct diagnoses of VRF in the 4 different modes, including peripheral positioning of the object in the FOV with and without activating the MAR algorithm and central positioning of the object in the FOV with and without activating the MAR algorithm, was evaluated for the 3 observers. The results are presented in [Table 1](#T1){ref-type="table"}.

The first observer had the highest frequency of correct diagnoses of VRF for objects positioned peripherally in the FOV without use of the MAR algorithm. The second observer had the highest frequency of correct diagnoses of VRF for objects positioned centrally in the FOV with the MAR algorithm applied. The third observer had the highest frequency of correct diagnoses of VRF for objects centrally positioned in the FOV with or without applying the MAR algorithm. This difference was only significant for the second observer (*P*\<.01).

[Table 2](#T2){ref-type="table"} shows the interobserver agreement among the 3 observers for the 4 imaging modes based on weighted kappa statistics. As shown, the interobserver agreement was higher for objects positioned centrally in the FOV than for those that were positioned peripherally.

The sensitivity, specificity, PPV, NPV, LR+ and LR− for different modes with respect to the position of the object in the FOV were calculated for the 3 observers and are shown in [Table 3](#T3){ref-type="table"}.

The maximum sensitivity for the first observer was found for objects positioned peripherally in the FOV without use of the MAR algorithm. The maximum sensitivity for the second observer was found for objects positioned peripherally in the FOV when the MAR algorithm was applied. The maximum sensitivity for the third observer was observed for objects positioned centrally in the FOV with or without use of the MAR algorithm. In general, the highest sensitivity was shown by the first observer (66.7%). Only the second observer showed an increase in sensitivity with both peripheral and central positioning of the object in the FOV following application of the MAR algorithm. In general, the second and third observers had better sensitivity for objects positioned centrally in the FOV, irrespective of the effect of the MAR algorithm.

In general, and for all observers, accuracy was higher for objects positioned centrally within the FOV than for objects positioned peripherally, with or without application of the MAR algorithm.

Specificity values were generally high for all modes and all observers, indicating a high percentage of correct detection of sound teeth (without VRFs) in all 4 modes.

[Table 4](#T4){ref-type="table"} and [Table 5](#T5){ref-type="table"} present the sensitivity, specificity, PPV, NPV, LR+, and LR− for different imaging modes for the 3 observers according to the position of the object in the FOV, the presence or absence of metal casting posts, and whether the MAR algorithm was applied. The presence of metal casting posts significantly decreased the sensitivity, specificity, PPV, and NPV. However, the first observer showed the highest sensitivity for objects positioned peripherally in the FOV without activating the MAR algorithm in the absence of casting posts.

In the presence of casting posts, the highest sensitivity was observed for objects positioned centrally in the FOV without applying the MAR algorithm. The second observer showed the highest sensitivity for the detection of VRFs in teeth without casting posts positioned peripherally or centrally in the FOV following application of the MAR algorithm. In the presence of posts, the highest sensitivity was found for objects positioned centrally in the FOV following activation of the MAR algorithm.

In the absence of posts, the third observer showed the highest sensitivity for the detection of VRFs in teeth positioned at the center of the FOV following activation of the MAR algorithm. In the presence of posts, the third observer showed the highest sensitivity for the detection of VRFs in teeth positioned at the center of the FOV without using the MAR algorithm. In general, in the presence of intracanal posts, central positioning of the object in the FOV significantly increased the diagnostic sensitivity and accuracy of the observers compared to the peripheral position with or without activation of the MAR algorithm. The same was not true for all observers in the absence of intracanal posts.

Discussion
==========

Metal artifacts are among the most important factors that affect the diagnostic quality of CBCT images.[@B18] The high-density materials used for root canal fillings can create artifacts that complicate the detection of VRFs.[@B19][@B20][@B21] Therefore, this study evaluated the effects of factors such as object position in the FOV, application of the MAR algorithm, the presence or absence of a metal post, and the observer\'s experience and expertise on the diagnostic sensitivity and accuracy of CBCT images for the detection of VRFs.

Many studies have evaluated the effect of MAR algorithms on the diagnostic accuracy of CBCT images and have yielded controversial results. Bezerra et al.[@B17] evaluated the effect of the artifact reduction (AR) algorithm in the Picasso Trio 3D CBCT system on the detection of VRFs in teeth with casting posts. Five experienced oral and maxillofacial radiologists with at least 4 years of clinical experience evaluated images of the apical, middle, and cervical thirds of the roots and concluded that in general, application of the AR algorithm decreased the amount of artifacts but negatively affected the diagnostic accuracy for VRF detection. Contrary to their expectations, the AR algorithm did not improve the detection of VRFs in the presence of intracanal posts.

Bechara et al.[@B22] compared the ProMax (Planmeca, Helsinki, Finland) and Master 3D (Vatech, Hwaseong, Republic of Korea) CBCT systems for the detection of root fracture lines in endodontically treated teeth with or without application of the AR algorithm. The sensitivity of both CBCT systems was higher when the AR algorithm was not applied, and the sensitivity and specificity of the ProMax CBCT system were higher than those of the Master 3D system. Use of the AR algorithm in both systems decreased the diagnostic accuracy for detection of root fractures. In general, application of the AR algorithm improves image quality, but negatively affects the diagnostic value for detection of VRFs.

Dalili Kajan et al.[@B23] evaluated the efficacy of application of the MAR algorithm for the detection of root fractures in the absence and presence of intracanal posts on CBCT images. The highest frequency of root fracture diagnoses occurred in the MAR mode when the post space remained empty. Furthermore, application of the MAR mode in both the pin and post space groups increased the diagnostic accuracy, although this difference did not reach statistical significance. Moreover, the sensitivity of the MAR mode was higher than without the MAR mode in both the pin and post space groups.

The current study showed that application of the MAR algorithm had no significant negative effect on the frequency of correct diagnoses of VRFs and diagnostic sensitivity, except for the first observer with peripheral positioning of the object in the FOV, and either confirmed or improved the accuracy of diagnosis. However, only the second observer showed a significant difference in the frequency of correct diagnoses with different positions of the object in the FOV and depending on the application of the MAR algorithm. Activation of the MAR algorithm for the second observer increased the frequency of correct diagnoses of VRFs and diagnostic sensitivity in both central and peripheral positions of the object in the FOV. In other words, only the results for our first observer were in line with the findings of the aforementioned studies,[@B17][@B22] and the results for the remaining 2 observers were in agreement with those of Dalili Kajan et al.[@B23] The diagnostic accuracy in these 2 observers improved to some extent, in accordance with the findings of Dalili Kajan et al.[@B23] Activation of the MAR algorithm slightly decreased the diagnostic accuracy for the detection of VRFs by the first observer, who was an experienced oral and maxillofacial radiologist expert on the detection of root fractures. The results of our first observer were in accord with those of Bezerra et al.[@B17] and Bechara et al.[@B22]

Object position in the FOV is another influential factor on the diagnostic quality of CBCT images. In 2017, Queiroz et al.[@B15] assessed the efficacy of the MAR tool for noise reduction with different positions of the object in the FOV (peripheral and central). They found a higher level of noise on the images of phantoms positioned peripherally in the FOV when the MAR tool was disabled. However, in contrast to their expectations, activating the MAR tool increased the level of noise when the phantom was positioned in the periphery of the FOV. A reduction in noise following activation of the MAR tool only occurred when the phantom was placed at the center of the FOV. In general, following activation of the MAR tool, the greatest difference in the level of noise was found when comparing the peripheral and central positions of objects in the FOV; with peripheral positioning of the metal object in the FOV, activation of the MAR tool increased the noise. They found that the MAR tool had the highest efficacy for metal objects centrally positioned in the FOV. Moreover, image noise was significantly reduced following activation of the MAR tool.[@B15] Iikubo et al.[@B24] concluded that small voxel size and a central position of the object in the FOV in CBCT reduced induced metal artifacts. In the current study, the sensitivity, specificity, and diagnostic accuracy increased for objects centrally positioned in the FOV in the presence of intracanal metal posts and following application of the MAR algorithm, which is in agreement with the results of Quiroz et al.[@B15] and Iikubo et al.[@B24] However, in teeth with empty post space or gutta-percha in the root canal, activation of the MAR algorithm caused no difference in sensitivity for objects positioned centrally or peripherally in the FOV. In another study, Queiroz et al.[@B25] evaluated the effect of the MAR algorithm on CBCT images of different dental materials and concluded that the MAR algorithm was ineffective in the presence of gutta-percha. Their explanation for this finding was that gutta-percha does not generate many artifacts that can be significantly decreased by the MAR algorithm, which was in accordance with the results of our study.

Pauwels et al.[@B14] evaluated the role of the size of the FOV and object position in the reduction of beam scattering and noise on CBCT images. They demonstrated that central positioning of the phantom in the FOV resulted in a reduction in the signal difference to noise ratio (SDNR) following an increase in FOV size. Furthermore, central positioning of the phantom in the FOV decreased the SDNR.

In this study, the position of the object in the FOV had a greater effect than application of the MAR algorithm on diagnostic sensitivity and accuracy, with all 3 observers showing higher diagnostic sensitivity and accuracy with the object in the central position in the FOV (compared to the peripheral position), especially in the presence of metal posts. Only the first observer showed the highest diagnostic accuracy for the detection of VRFs in teeth without metal posts positioned peripherally in the FOV without application of the MAR algorithm (peripheral FOV+no MAR). Our first observer was an experienced oral and maxillofacial radiologist with longer paraclinical experience in detecting VRFs. Since she often evaluates images in clinical practice without the MAR algorithm with structures of interest in the peripheral FOV, her eyes are probably accustomed to detecting artifacts in this mode. However, the remaining 2 observers showed higher diagnostic sensitivity and accuracy for the detection of VRFs when objects were centrally positioned in the FOV in the presence and absence of metal posts. The third observer was an endodontist who was familiar with the relevant clinical aspects, in addition to the CBCT findings of VRFs, based on his clinical experience. Thus, the third observer was more successful than the second one (an oral and maxillofacial radiologist with 6 years of experience) in the evaluation of CBCT images.

Salineiro et al.[@B26] performed a meta-analysis on root fractures and concluded that the experience and expertise of the observers could significantly affect the results. They considered the possibility of the selection bias by observers on these kinds of studies. Their study revealed that true positive results for maxillofacial radiologists were higher than for endodontists. The level of inconsistency for maxillofacial radiologists was reported to be lower than for endodontists.

The findings of the current study indicate that although factors such as object position in the FOV[@B3][@B7][@B27][@B28][@B29] and application of the MAR algorithm[@B16][@B17][@B22] might increase the diagnostic sensitivity and accuracy of CBCT images for the detection of VRFs, the experience of the clinician and radiologist can moderate the magnitude of the effects of the aforementioned parameters on the results.

In conclusion, a comparison of the results in the presence and absence of intracanal metal posts revealed that all observers had higher diagnostic sensitivity and accuracy in the absence of posts, and this was more significant when the object was positioned peripherally in the FOV than when it was positioned centrally.

In the absence of posts and with peripheral positioning of the object in the FOV, application of the MAR algorithm only increased the diagnostic sensitivity and accuracy of the second observer, while the same condition with central positioning of the object in the FOV increased the diagnostic sensitivity and accuracy of all observers. The variability in the sensitivity and accuracy of the observers was high when the object was positioned peripherally in the FOV and the MAR algorithm was disabled.

In the presence of metal posts and with peripheral positioning of the object in the FOV, application of the MAR algorithm had no significant effect on sensitivity (except for the first observer), while specificity improved (except for the second observer). Furthermore, with central positioning of the object in the FOV, application of the MAR algorithm only had a significant effect on the second observer.

In the presence of metal posts and without application of the MAR algorithm, sensitivity and accuracy were generally higher with central positioning than with peripheral positioning, and this effect was more significant with central positioning of the object and application of the MAR algorithm (compared to peripheral positioning).

The clinical and paraclinical experience of the observers might serve as a confounder, and the MAR algorithm may be less helpful for experienced observers.
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![A photograph showing the phantom fabricated for the placement of teeth after tooth insertion.](isd-48-245-g001){#F1}

![Cone-beam computed tomographic images with central positioning of the object in the field of view. An axial image (A) and cross-sectional images (B and C) reveal root fracture of the left second tooth.](isd-48-245-g002){#F2}

![Cone-beam computed tomographic images with peripheral positioning of the object in the field of view. An axial image (A) and cross-sectional images (B and C) reveal root fracture of the left second tooth.](isd-48-245-g003){#F3}

###### Comparison of the frequency of correct diagnoses of vertical root fractures by the 3 observers on cone-beam computed tomographic scans taken with different modes according to the position of the object in the field of view and application of the metal artifact reduction (MAR) algorithm
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###### Inter-observer agreement among the 3 observers using kappa statistics

![](isd-48-245-i002)

MAR: metal artifact reduction

###### Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR−) for different imaging modes according to the position of the object in the field of view and application of the metal artifact reduction algorithm for the 3 observers
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MAR: metal artifact reduction

###### Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR−) for different imaging modes according to the position of the object in the field of view for the 3 observers in the absence of intracanal posts
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MAR: metal artifact reduction

###### Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR−) for different imaging modes according to the position of the object in the field of view for the 3 observers in the presence of an intracanal post
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MAR: metal artifact reduction
